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Abstract The solute specificity profiles (transport and bind-
ing) for the nucleobase cation symporter 1 (NCS1) proteins,
from the closely related C4 grasses Zea mays and Setaria viridis,
differ from that of Arabidopsis thaliana and Chlamydomonas
reinhardtii NCS1. Solute specificity profiles for NCS1 from
Z. mays (ZmNCS1) and S. viridis (SvNCS1) were determined
through heterologous complementation studies in NCS1-
deficient Saccharomyces cerevisiae strains. The four
Viridiplantae NCS1 proteins transport the purines adenine and
guanine, but unlike the dicot and algal NCS1, grass NCS1 pro-
teins fail to transport the pyrimidine uracil. Despite the high level
of amino acid sequence similarity, ZmNCS1 and SvNCS1 dis-
play distinct solute transport and recognition profiles. SvNCS1
transports adenine, guanine, hypoxanthine, cytosine, and allanto-
in and competitively binds xanthine and uric acid. ZmNCS1
transports adenine, guanine, and cytosine and competitively
binds, 5-fluorocytosine, hypoxanthine, xanthine, and uric acid.
The differences in grass NCS1 profiles are due to a limited num-
ber of amino acid alterations. These amino acid residues do not
correspond to amino acids essential for overall solute and cation
binding or solute transport, as previously identified in bacterial
and fungal NCS1, but rather may represent residues involved in
subtle solute discrimination. The data presented here reveal that
within Viridiplantae, NCS1 proteins transport a broad range of
nucleobase compounds and that the solute specificity profile
varies with species.
Keywords Setaria viridis . Zea mays . Purine . Pyrimidine .
Nucleobase cation symporter 1
Introduction
Nucleobases play a pivotal role in plant growth, development,
and reproduction. The nucleobases (purines and pyrimidines)
are involved in nucleic acid metabolism; ATP synthesis; and
carbohydrate, glycoprotein, and phospholipid metabolism
(Ross 1991; Moffatt and Ashihara 2002; Stasolla et al. 2003;
Kafer et al. 2004; Zrenner et al. 2006). Secondary metabolites,
such as caffeine and cytokinins, are nucleobase derivatives
(Ashihara et al. 2008; Frébort et al. 2011). Nucleobase bio-
chemistry reflects a balance of de novo synthesis, salvage, and
catabolism pathways, which utilize diverse environments
found in subcellular compartments. Extensive metabolite
transport is required to shuttle intermediates between compart-
ments. An elegant representation of nucleobase intercellular
and long-range transport is ureide biochemistry in soybean
(Collier and Tegeder 2012). Long-distance movement of
nucleobases is also evident from endosperm to cotyledons
during germination (Kombrick and Beevers 1983).
Extensive inter- and intracellular nucleobase trafficking in
plants requires an elaborate system of membrane transporters.
In Arabidopsis, the genome contains loci that encode for five
distinct nucleobase transporter families. Two nucleobase
transporter families unique to plants include the twenty one-
member purine permeases (PUP) that transport adenine,
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cytosine, and cytokinins (Gillissen et al. 2000; Bürkle et al.
2003; Cedzich et al. 2008; Jelesko 2012; Szydlowski et al.
2013) and the five-member ureide permeases (UPS) facilitat-
ing the movement of allantoin, uracil, uric acid, and xanthine
(Desimone et al. 2002; Schmidt et al. 2004, 2006). The re-
maining three nucleobase transporter families have
orthologues among prokaryotes and eukaryotes. Nucleobase-
ascorbate transporters (NAT) are ubiquitous across taxa and
collectively transport a large array of solutes including oxi-
dized purines xanthine and uric acid, uracil, and ascorbate (De
Koning and Diallinas 2000; Maurino et al. 2006;
Pantazopoulou and Diallinas 2007; Gournas et al. 2008).
The function of plant NATs varies, with two of twelve
Arabidopsis NAT transporting adenine, guanine, and uracil
(Niopek-Witz et al. 2014), while the maize NAT leaf permease
1 transports xanthine and uric acid (Schultes et al. 1996;
Argyrou et al. 2001). The two-member azaguanine (AZG)-
like transporter family in Arabidopsis transports adenine, gua-
nine, and uracil (Mansfield et al. 2009). The nucleobase cation
symporter 1 (NCS1) is represented by a single gene in
Arabidopsis (AtNCS1) and moves adenine, guanine, and ura-
cil (Mourad et al. 2012; Witz et al. 2012).
NCS1 proteins are found in a wide range of organisms par-
ticularly among the archaea, bacteria, fungi, and plants (Ma
et al. 2013). In contrast to plant genomes, that contain one or
two NCS1 loci, fungal genomes contain multiple NCS1 loci
(Goodstein et al. 2012; Pantazopoulou and Diallinas 2007;
Hamari et al. 2009). Most research has focused on fungal
NCS1 in Saccharomyces cerevisiae and Aspergillus nidulans.
NCS1 belong to one of two distinct yeast NCS1 subfamilies—
designated by the S. cerevisiae FUR4 (uracil transporter) or the
FCY2 (adenine, guanine, cytosine, hypoxanthine transporter)
groups. In yeast, FUR4-like NCS1 include other transporters
FUI1 (uridine), DAL4 (allantoin), THI7 (thiamine), and NRT1
(nicotinamide riboside transporter), while the FCY2-like NCS1
include FCY21 and FCY22, which transport solutes similar to
FCY2, and TNP1 a pyridoxine transporter (Pantazopoulou and
Diallinas 2007; Stolz and Vielreicher 2003).
Recent interest in NCS1 transporters follows elucidation of
the three-dimensional structure of the Microbacterium
liquefaciensMHP1 in the outward facing, occluded, and inward
facing states and identification of key amino acids involved in
cation and solute binding (Weyand et al. 2008, 2011; Shimamura
et al. 2010). NCS1 proteins belong to a superfamily of secondary
active transporters defined by a common three-dimensional fold
structure and predicted transport mechanism. The LeuTor amino
acid–polyamine–organocation fold involves ten core transmem-
brane (TM) structured as a two–five helix inverted repeat (Fig. 1)
(Jeschke 2013; Shi 2013; Yan 2013). Common overlapping pre-
dicted TM domains are shared among NCS1 (Fig. 1, ESM_1)
(Weyand et al. 2008; Mourad et al. 2012; Krypotou et al. 2012;
Schein et al. 2013). Crystal structures of the outward facing,
occluded, and inward facing MHP1 reveal the positioning of
the TM as part of the hash motif (TMIII, IV, VIII, and IX), the
four helix bundle (TMI, II, VI, and VII), and the flexible helices
(TMVand X) that undergo conformational changes described as
a Brocking-bundle^ model (Shimamura et al. 2010; Jeschke
2013).
The importance of these structural elements in solute transport
and binding is supported by extensive amino acid substitution
and mutational analysis in S. cerevisiae FCY2 and A. nidulans
FCYB (Bréthes et al. 1992; Ferreira et al. 1997, 1999a, b;
Krypotou et al. 2012). Most of the mutations that affect cation
binding, solute binding, or transport locate to TMI, III, VI and
especially TMVIII that, in part, form the cation and solute bind-
ing pocket (Fig. 1, ESM_1) (Weyand et al. 2008). Very recently,
a similar molecular modeling-assisted site-directed mutagenesis
in AtNCS1 (also referred to as PLUTO) has identified several
amino acids important in solute binding and transport (Witz et al.
2014). A complementary approach to the molecular modeling
and mutagenesis is to investigate the diversity of NCS1 function
within an evolutionary group. Here we further extend our evolu-
tionary structure–function investigations of plant NCS1 by deter-
mining the solute transport and binding profiles of two closely
related C4 grass NCS1 proteins from Zea mays and Setaria
viridis.
Materials and methods
DNA manipulations Oligonucleotides ZmNCS1A and
ZmNCS1B (Table 1) were used to amplify a 1626-bp DNA
Fig. 1 Amino acid alignment of selected NCS1 of known function. An
alignment of AtNCS1 (NP_568122.2), CrNCS1 (XP_001694932.1),
ZmNCS1 (NP_001136535.1), SvNCS1 (AHC53692.1), bacterial
MHP1 (UniProtKB D6R8X8), ScFUR4 (CAA29986.1), ScDAL4
(CAA78826.1), ScFUI1 (CAA84862.1), AnFURA (AN0660.3),
AnFURD (EF620426.1), and ScTHI7 (NP_013338.1) NCS1 proteins
using ClustalW (Thompson et al. 1994). Underlined text in italics
represents the predicted chloroplast transit sequence and cleavage site
given by ChloroP (Emanuelsson et al. 1999). Transmembrane domains
for ZmNCS1 are numbered with roman numerals and identified as part of
the “hash” motif (III, IV, VIII, and IX), “bundle” (I, II, VI, and VIII),
“flexible helices” (V and X), or outside the helical core (XI and XII) as
described in the text. The positions of amino acids corresponding to those
residues in MHP1 (Weyand et al. 2008) and AnFCYB (Krypotou et al.
2012) which interact with cations (italic text on gray background) or
interact with solutes (bold white text on dark gray background) are
shown. Bold black italic text highlighted with gray background in
ZmNCS1 identifies amino acid sequence present in proteomic analysis
of maize chloroplast membranes (Friso et al. 2010). The 29-amino acid
differences between ZmNCS1 and SvNCS1, past the predicted cleavage
site of SvNCS1, are highlighted in bold black text or bold white text with
corresponding numbers above. Bold black numbers (and residues)
identify amino acids that differ between SvNCS1 and ZmNCS1 and are
not conserved among other Viridiplantae NCS1 (see ESM_1). Bold white
numbers (and residues) with black background identify amino acid
differences between SvNCS1 and ZmNCS1 that are predominantly
conserved among other Viridiplantae NCS1 (ESM_1)
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fragment encompassing the predicted coding region of ZmNCS1
from complementary DNA clone ZM_BFb0154K01 (Soderlund
et al. 2009) and captured in vector pCR2.1 (Invitrogen, Carlsbad,
CA, USA) to create plasmid pRH565. Genomic DNA extracted
Zea mays and Setaria viridis nucleobase cation symporter 1 function
from S. viridis A10 seedlings using DNeasy Plant Mini Kit
(Qiagen, Valencia, CA, USA) was amplified with oligonucleo-
tides SvNCS1A and SvNCS1B (Table 1). The resulting DNA
1623-bp fragment, containing the predicted SvNCS1 open read-
ing frame, was captured in vector pCR2.1 to create plasmid
pCC206. The SvNCS1 sequence data has been deposited under
GenBank accession number KF743143. Inserts, in plasmids
pRH565 and pCC206, were subject to DNA sequencing to ver-
ify sequence integrity. The insert in pRH565 was cleaved with
Nco I and Sph I and cloned into yeast expression vectors
pRG399 and pRG402 to create plasmids pNS487 and pNS486,
respectively. Plasmids pRG399 and pRG402 (a kind gift from
Dr. R. Gaxiola, Arizona State University) are derived from yeast
expression vectors pRS425 and 424 (Christianson et al. 1992)
that have incorporated the PMA1 promoter from pRS699
(Serrano and Villalba 1995). The insert in pCC206 was cleaved
with Nco I and Sph I and cloned into vectors pRG399 and
pRG402 to create plasmids pCC207 and pNS480, respectively.
The coding regions of ZmNCS1 and SvNCS1 were amplified
using oligonucleotides ZmNCS1GFPA and ZmNCS1GFPB or
SvNCS1GFPA and SvNCS1GFPB (Table 1). The In-Fusion
Cloning Kit protocol (Clontech Laboratories, Mountain View,
CA, USA) was used to introduce the amplified ZmNCS1 and
SvNCS1 DNA fragments into vector pAN580 (Nelson et al.
2007) to create plasmids pRH733 and pRH734, respectively.
Bioinformatics analysis Amino acid sequence alignment
and comparison was performed using ClustalW (Thompson
et al. 1994). TM domain prediction was performed using
TMHMMv. 2.0 (Krogh et al. 2001). Chloroplast transit cleav-
age si te predict ion was performed with ChloroP
(Emanuelsson et al. 1999).
Transient expression in Arabidopsis mesophyll proto-
plasts and confocal microscopy Mesophyll protoplasts iso-
lated from 4-week-old Arabidopsis thaliana Columbia wild-
type plants grown under 14 h light–7 h dark per day were used
for PEG–calcium transfection according to Yoo et al. (2007).
For subcellular localization, 20 μg of pRH733 or pRH734
DNA was transfected into 2×104 protoplasts and incubated
at 22 °C overnight. Green fluorescent protein (GFP) signals
were observed using a Nikon C1+ confocal microscope sys-
tem. The GFP fusion proteins were excited at 488 nm and the
fluorescence signal filtered with a FITC 513- to 556-nm filter
cube. Chlorophyll auto-fluorescence was excited at 488 nm
and the fluorescence signal filtered with a Texas Red 608- to
683-nm filter cube. Sequential scanning of the two fluores-
cence signals was carried out using the line lambda parameter
coupled with Z-stacking in order to obtain three-dimensional
images with minimal overlap from the fluorescence signals.
Merged three-dimensional images were analyzed using NIS-
Elements (Nikon Instruments Inc.) software and are presented
as stacks of neighboring sections.
S. cerevisiae strains and transformations S. cerevisiae
strains RG191 [MATα fcy2Δ::kanMX4 his3Δ1 leu2Δ0
met15Δ0 ura3Δ0] (Winzeler et al. 1999), RW105dal4Δ
[MATα his3Δ trp1Δ fur4Δ dal4Δ::HIS3] (Wagner et al.
1998), and NC122-sp6 [MATα leu2 fur4Δ (XbaI1-XbaI3)]
(Jund et al. 1988) were grown in synthetic complete (SC)
medium at 30 °C. Yeast transformations were performed by
the lithium acetate method (Gietz and Woods 2002).
Heterologous complementation studies in yeast Experiments
assaying the sensitivity of yeast strains to grow on toxic
nucleobase analogues, or for the ability to utilize allantoin as
a sole nitrogen source, were performed on SC media to which
the designated concentrations of filter-sterilized stock solutions
were added. Yeast strains harboring a vector, ZmNCS1- or
SvNCS1-containing plasmids, were investigated.
Time course for radiolabeled nucleobase uptake in
yeast Yeast were grown for 24 h at 30 °C were concentrated
to OD600=4. Uptake assays with yeast harboring SvNCS1 used
1.0 μM [8-3H]-hypoxanthine (Moravek, Brea, CA) in 100 mM
citrate buffer, pH 3.5, with 1 % glucose. Uptake assays using
yeast harboring either SvNCS1 or ZmNCS1 used 0.5 μM [2,
8-3H]-adenine. Samples were harvested over a 120-min period;
25 μl aliquots was added to 4 ml of ice-cold water and filtered
through a 0.45-μmMetricel membrane filter (Gelman Sciences,
Ann Arbor, MI). Filters were then washed with 8 ml of water,
and radioactivity was measured by a Tracor Analytic Delta 300
model 6891 (Tracor Analytic Inc., Elk Grove Village, IL, USA)
liquid scintillation counter. Experiments were performed in trip-
licate. Statistical analysis used an independent paired t test.
Significance was measured at P=0.05 (*).
Radiolabeled uptake by yeast expressing SvNCS1 or
ZmNCS1 Yeast, containing a SvNCS1 construct or a control
vector, were incubated with 0.5 μM [2,8-3H]-adenine, [8-3H]-
guanine, [8-3H]-xanthine, or [5-3H]-cytosine or with 1.0 μM
[5, 6-3H]-uracil and [8-3H]-hypoxanthine in the conditions
described above. Yeast, containing a ZmNCS1 construct or a
Table 1 Oligonucleotide primers used in this study
Oligonucleotide DNA sequence (5′➔3′)
ZmNCS1A ggggtaccatggccatgtccatggcgatgtca
ZmNCS1B gggctgcagcatgctcaactgtaatgttctctctcttg
SvNCS1A ggggtaccatggccatgtccatggcgatgtcc
SvNCS1B ggggatccgcatgctcaattgctgtgttgtttcgcttg
ZmNCS1GFPA cggagctagctctagaatggccatgtccatggcgatgtc
ZmNCS1GFPB tgctcaccatggatccactgtaatgttctctctcttgct
SvNCS1GFPA cggagctagctctagaatggccatgtccatggcgatgt
SvNCS1GFPB tgctcaccatggatccattgctgtgttgtttcgcttgt
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control vector, were similarly incubated with 0.5 μM [2,
8-3H]-adenine or [5-3H]-cytosine, with 1.0 μM [8-3H]-gua-
nine or [8-3H]-hypoxanthine, and with 2.0 μM [3H]-xanthine
or [5, 6-3H]-uracil (Moravek, Brea, CA, USA). In all assays,
samples were taken at 0 and 5 min.
Transport kinetics of SvNCS1 and ZmNCS1 Kinetic anal-
ysis was performed by homologous competition assays in
SvNCS1- and ZmNCS1-expressing yeast using [2,8-3H]-ade-
nine/adenine and [5-3H]-cytosine/cytosine. Varying concen-
trations of unlabeled adenine (0, 0.2, 0.5, 2, 4, 10, 20, 50,
100, 150, 500, 1000, and 1500 μM) were used in the presence
of 1.0 μM of [2,8-3H]-adenine. Concentrations of unlabeled
cytosine (0, 0.2, 0.5, 2, 10, 20, 50, 150, 500, 1000, and
1500 μM) for SvNCS1 or (0, 0.2, 2, 20, 50, 100, 150, 500,
1000, and 1500 μM) for ZmNCS1 were used in the presence
of 1.0 μM of [5-3H]-cytosine. Reactions were stopped at
5 min using ice-cold water and radiolabeled uptake was
assayed as described above. Experiments were performed in
triplicate. Data were fitted using nonlinear regression and an-
alyzed using the one site-homologous model (Prism 6) assum-
ing labeled and unlabeled ligands have identical affinities for
the receptor. Standard deviation was 20 % except for
ZmNCS1/cytosine measurements at 25 %.
Radiolabeled substrate competition study of SvNCS1 and
ZmNCS1 expressed in S. cerevisiae Heterologous competi-
tion experiments were performed by monitoring the ability of
yeast to take up radiolabeled nucleobases in the presence of
excess different unlabeled nucleobases. Yeast containing
SvNCS1 (at OD600≈4) were incubated with [2,8-3H]-adenine,
[8-3H]-hypoxanthine, or [5-3H]-cytosine in the presence of vari-
ous cold competitors. Yeast containing ZmNCS1 (at OD600≈4)
were incubated with [2,8-3H]-adenine and [5-3H]-cytosine in the
presence of various cold competitors. Cells were incubated for
5 min in the presence of 1.0 μM (A or HX) or 0.5 μM (C)
radiolabeled compound and 1.0 mM unlabeled adenine, cyto-
sine, 5-fluorocytosine, guanine, hypoxanthine, xanthine, or uric
acid.
Radiolabeled nucleobase uptake by yeast expressing
SvNCS1 and ZmNCS1 in the presence of carbonyl cyanide
m-chlorophenylhydrazone Radiolabeled uptake was
performed as previously described at 0.5 μM [2,8-3H]-ade-
nine and in the presence of 100 μM carbonyl cyanide m-
chlorophenylhydrazone (CCCP). The reaction was incubated
at 30 °C and aliquots were taken at 5 min.
Results
S. viridis and Z. mays genomes encode NCS1 proteins The
maize genome contains a single intron-less locus,
GRMZM2G362848, encoding a putative nucleobase cation
symporter 1 (now named ZmNCS1) with high amino acid
sequence similarity to other plant NCS1 proteins (Fig. 1,
ESM_1). Using sequence information from Setaria italica
NCS1-like locus LOC101769388 (Bennetzen et al. 2012),
the coding region of the corresponding intron-less locus from
ancestral S. viridis genomic DNA was isolated. This open
reading frame encodes for a putative NCS1, now named
SvNCS1 (Fig. 1).
ZmNCS1 and SvNCS1 share extremely high levels of ami-
no acid sequence identity/similarity at 90.4/95 %, respective-
ly. An analysis of NCS1 proteins of known function is pre-
sented in Fig. 1. A more extensive analysis of many NCS1
proteins across the Viridiplantae is presented in the Electronic
SupplementaryMaterials (ESM-1). In general, NCS1 proteins
across broad taxonomic space do not share high levels of
amino acid sequence similarity (Mourad et al. 2012; Ma
et al. 2013; Schein et al. 2013) (Fig. 1). However, NCS1
proteins share extensive secondary structure similarities. The
12 predicted TM domains of plant NCS1 proteins, predicted
by TMHMM v. 2.0 (Krogh et al. 2001), align well with those
predicted from representative fungal NCS1 proteins and bac-
terial NCS1 proteins (data not shown) (Mourad et al 2012;
Schein et al. 2013). In turn, in silico predicted TM all align
with the transmembrane domains determined from X-ray
crystallographic structural studies on the NCS1 from
M. liquefaciens MHP1 (Weyand et al. 2008, 2011;
Shimamura et al. 2010) (Fig. 1, ESM_1). Despite the overall
low level of amino acid sequence similarity among
NCS1 across taxa, significant amino acid sequence con-
servation is observed for those residues involved in sol-
ute or cation binding or transport function. Indeed,
ZmNCS1 and SvNCS1 share identical or highly similar
amino acids at positions critical for solute or cation
binding or necessary for solute transport as determined
in bacterial MHP1, fungal FCYB, and Arabidopsis NCS1
(Fig. 1) (Weyand et al. 2008; Krypotou et al. 2012; Witz
et al. 2014).
SvNCS1 and ZmNCS1 locate to the chloroplast Previous
studies used Arabidopsis NCS1-GFP translational fusion con-
structs, transient delivery, expression in mesophyll proto-
plasts, followed by confocal microscopy, to localize
AtNCS1 in chloroplasts (Witz et al. 2012). Analysis of
ZmNCS1 and SvNCS1 protein sequences using ChloroP pre-
dicts a chloroplast location for both proteins (Emanuelsson
et al. 1999) (Fig 1, ESM_1). To determine the subcellular
location of ZmNCS1 and SvNCS1, full-length ZmNCS1-
GFP and SvNCS1-GFP translational fusion constructs were
introduced into Arabidopsis mesophyll protoplasts for tran-
sient expression analysis. Confocal laser microscopy shows
that protoplasts transiently expressing the ZmNCS1-GFP or
SvNCS1-GFP constructs exhibit GFP-range fluorescent
Zea mays and Setaria viridis nucleobase cation symporter 1 function
signals that coincide with chlorophyll florescence in chloro-
plasts (Fig. 2).
S. cerevisiae containing SvNCS1 or ZmNCS1 vary in their
ability to grow on nucleobase derivatives Heterologous
complementation experiments were performed to test the ability
of nucleobase transport-deficient S. cerevisiae, containing the
full-length open reading frames of SvNCS1 or ZmNCS1, to grow
onmedium containing toxic nucleobase analogues or to success-
fully grow on media containing allantoin as the sole nitrogen
source. Yeast strains deficient for NCS1 transporters were used
in the experiments, in particular, fcy2 (the yeast adenine–cyto-
sine–guanine–hypoxanthine transporter) and dal4 (the yeast al-
lantoin transporter—allantoin is a breakdown product of the pu-
rine xanthine). Fcy2-deficient yeast lack the ability to efficiently
transport toxic nucleobase analogues 8-azaadenine (8-AZA), 8-
azaguanine (8-AZG), or 5-fluorocytosine (5-FC) and can grow
on media containing these analogues. If ZmNCS1 or SvNCS1
can facilitate the transport of these nucleobase derivatives, then
fcy2 yeast, containing ZmNCS1 or SvNCS1, will show reduced
growth. Yeast deficient for dal4 are unable to grow well on
allantoin as a sole nitrogen source. If ZmNCS1 or SvNCS1 can
facilitate the transport of allantoin, then dal4 yeast, containing
ZmNCS1 or SvNCS1, will show growth on media where allan-
toin is the sole nitrogen source. Plasmids containing SvNCS1
(pCC207 and pNS480) orZmNCS1 (pNS487 and pNS486)were
transformed into fcy2- or into dal4-deficient yeast strains. Fcy2-
deficient yeast, carrying pCC207 or pNS487, were grown on
medium supplemented with 8-AZA, 8-AZG, or 5-FC. Dal4-de-
ficient yeast, carrying pNS480 or pNS486, were grown on me-
dium supplemented with allantoin as the sole nitrogen source.
These growth studies show that yeast cells containing SvNCS1
were sensitive to 8-AZA, resistant to 8-AZG, and able to use
allantoin as the sole nitrogen source (Fig. 3). The results infer
transport of 8-AZA and allantoin but not 8-AZG by SvNCS1.
Conversely, yeast containingZmNCS1weremoderately sensitive
to 8-AZG, resistant to 8-AZA, and unable to grow well on allan-
toin as the sole nitrogen source (Fig. 3). The results infer transport
of 8-AZG, but not 8-AZA or allantoin by ZmNCS1. Neither
ZmNAC1 nor SvNCS1 confer sensitivity to yeast grown on 5-
FC and infer the inability to transport 5-FC (data not shown).
Radiolabeled nucleobase uptake studies define the solute
specificity of SvNCS1 and ZmNCS1 To further characterize
the solute transport profile of ZmNCS1 and SvNCS1,
radiolabeled nucleobase uptake experiments were performed
in yeast. First, time course experiments monitoring the uptake
of [3H]-hypoxanthine or [3H]-adenine in fcy2 yeast were per-
formed. Fcy2-deficient yeast containing SvNCS1 reached ap-
parent saturation at ∼60 min (ESM_2). The transport of [3H]-
adenine by fcy2 yeast cells containing SvNCS1 or ZmNCS1
reached apparent saturation at ∼90 min (ESM_2). The results
define the range for transport in the linear range. Subsequent
radiolabeled experiments used an incubation time of 5 min—
well within the linear range observed here.
Fig. 2 Subcellular localization of ZmNCS1-GFP and SvNCS1-GFP
fusion proteins in Arabidopsis mesophyll protoplasts. From left to right
images show chlorophyll auto-fluorescence, GFP fluorescence, and
merged of both for ZmNCS1-GFP construct (pRH733) and SvNCS1-
GFP construct (pRH734) and no construct control transiently delivered
into Arabidopsis protoplasts. Bar=10 μm
Fig. 3 Growth of S. cerevisiae containing SvNCS1 or ZmNCS1. Yeast
deficient in fcy2Δ (RG191) without and with SvNCS1 (pCC207) or
ZmNCS1 (pNS487) were grown on SC media containing 8-azaadenine
(8-AZA), 8-azaguanine (8-AZG). Yeast deficient in dal4Δ
(RW105dal4Δ) without and with SvNCS1 (pNS480) or ZmNCS1
(pNS486) were grown on SC media cells containing allantoin as the
sole nitrogen source
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The next set of experiments further defines the solute transport
profile for ZmNCS1 and SvNCS1. Here, fcy2 yeast, containing a
control vector, pCC207 (SvNCS1) or pNS487 (ZmNCS1), were
assayed for the ability to take up [3H]-adenine, [3H]-guanine,
[3H]-cytosine, or [3H]-hypoxanthine. Yeast strains deficient for
fur4 (the yeast uracil transporter), containing a control vector,
pCC207 (SvNCS1) or pNS487 (ZmNCS1), were assayed for
the ability to take up [3H]-xanthine or [3H]-uracil. Yeast have
no known xanthine transporter: therefore, potential xanthine
transport, by ZmNCS1 or SvNCS1, can be monitored in any
yeast strain. Fcy2-deficient yeast containing pCC207 (SvNCS1)
showed significant increase in the uptake of [3H]-adenine, [3H]-
guanine, [3H]-cytosine, and [3H]-hypoxanthine when compared
to controls (Fig. 4a–f). Fcy2-deficient yeast containing pNS487
(ZmNCS1) showed significant increase in the uptake of [3H]-
adenine, [3H]-guanine, and [3H]-cytosine, but not [3H]-hypoxan-
thine, when compared to controls (Fig. 5a–f). Yeast, with
ZmNCS1, take up less [3H]-adenine and [3H]-guanine compared
to strains with SvNCS1 (Figs. 4a, b and 5a, b). Neither SvNCS1-
nor ZmNCS1-containing fur4 yeast displayed a statistically dif-
ferent level of uptake for [3H]-xanthine or [3H]-uracil compared
to control strains (Figs. 4d, f and 5d, f).
Biochemical analysis further distinguishes SvNCS1 and
ZmNCS1 Homologous competition assays were performed
to determine the affinities of ZmNCS1 and SvNCS1 for ade-
nine and cytosine. In these experiments, fcy2 yeast, containing
ZmNCS1 or SvNCS1 constructs, were incubated with a set
quantity of [3H]-adenine or [3H]-cytosine and increasing
amounts of unlabeled homologous competitor (either adenine
or cytosine). Fcy2-deficient yeast containing SvNCS1 have
high affinity for adenine (Km=1.5 μM) and a lower affinity
for cytosine (Km=13.1 μM) (Table 2). In contrast, fcy2 yeast
containing ZmNCS1 display a higher affinity for cytosine
(Km=2.5 μM) than for adenine (Km=7.4 μM) (Table 2).
The next set of experiments defines the solute binding pro-
file for ZmNCS1 and SvNCS1. In heterologous competition
experiments, fcy2 yeast, with ZmNCS1 or SvNCS1 con-
structs, are incubated with radiolabeled nucleobase and excess
of other unlabeled nucleobases or nucleobase derivatives. The
heterologous competition assay measures the ability of a
radiolabeled compound to be transported in the presence of
a different unlabeled compound. The assay measures the abil-
ity of the unlabeled compound to compete with the labeled
solute for the binding site in the transporter. This experiment
does not determine if the competitor molecule can be
transported, only that it can bind to the transporter and com-
pete with the labeled nucleobase. A measurement of 100 %
radiolabeled compound indicates no completive interference;
a lesser percentage indicates competitive interference (Figs. 6
and 7). In SvNCS1-containing fcy2 yeast, the uptake of [3H]-
hypoxanthine was efficiently competed by unlabeled adenine,
guanine, hypoxanthine, xanthine, and uric acid, but not cyto-
sine or 5-fluorocytosine (Fig. 6a). In a similar heterologous
competition assay using SvNCS1-containing fcy2 yeast, the
uptake of [3H]-adenine was competed by unlabeled adenine,
guanine, hypoxanthine, and uric acid, but not cytosine, 5-
fluorocytosine, or xanthine (Fig. 6b). A reciprocal experiment
Fig. 4 Uptake of radiolabeled
nucleobases by S. cerevisiae
expressing SvNCS1. Uptake
assays were performed using
yeast without and with SvNCS1 at
0 and 5 min time points for
[2,8-3H]-adenine (a), [8-3H]-
guanine (b), [8-3H]-hypoxanthine
(c), [8-3H]-xanthine (d), [5-3H]-
cytosine (e), and [5,6-3H]-uracil
(f). Yeast RG191 (fcy2Δ) and
NC122-sp6 (fur4Δ) and empty
vector Yeplac181 are shown
Zea mays and Setaria viridis nucleobase cation symporter 1 function
using [3H]-cytosine showed that both unlabeled adenine and
cytosine are effective competitors (Fig. 6c). As for fcy2 yeast
expressing ZmNCS1, the uptake of [3H]-adenine was compet-
ed by unlabeled adenine, cytosine, 5-fluorocytosine, guanine,
hypoxanthine, xanthine, and uric acid (Fig. 7a). Likewise,
[3H]-cytosine uptake is effectively competed by both unla-
beled adenine and cytosine in yeast cells expressing
ZmNCS1 (Fig. 7b).
In the presence of the proton ionophore CCCP, [3H]-ade-
nine uptake by fcy2 yeast, containing SvNCS1 or ZmNCS1,
was significantly inhibited (Fig. 8a, b). This is consistent with
the functioning of SvNCS1 and ZmNCS1 as proton-driven
nucleobase cation symporters.
Discussion
ZmNCS1 and SvNCS1 share properties
with other Viridiplantae NCS1
NCS1 proteins from grasses Z. mays and S. viridis show phys-
ical similarities with other NCS1 among Viridiplantae. The
grass NCS1 proteins display a 44–52 % amino acid sequence
identity/similarity with distant AtNCS1 and CrNCS1 (Fig. 1
and ESM_1). ZmNCS1 and SvNCS1 also share highly con-
served secondary structure with commonly placed transmem-
brane domains and key amino acid residues, some involved in
cation or solute binding (Fig. 1 and ESM_1) (Weyand et al.
2008; Mourad et al. 2012; Witz et al. 2012; Krypotou et al.
2012; Schein et al. 2013; Witz et al 2014).
ZmNCS1 and SvNCS1 share a common core solute trans-
port specificity with other Viridiplantae NCS1. However, de-
spite the common shared transport function, it is clear that
each NCS1 has a unique solute specificity profile (solute
transport, binding, and affinities). Although ZmNCS1,
SvNCS1, AtNCS1, and CrNCS1 all transport purines adenine
and guanine, the affinities for adenine vary: CrNCS1 Km=
2.46 μM and SvNCS1 Km=1.5 μM but slightly lower affinity
for adenine in case of AtNCS1 Km=7.9 μM and ZmNCS1
Km=7.4 μM (Table 1; Mourad et al. 2012; Schein et al.
2013). In contrast, the pyrimidine uracil—readily transported
by AtNCS1 and CrNCS1—is not moved by ZmNCS1 or
SvNCS1 (Figs. 4f and 5f; Mourad et al. 2012; Witz et al.
2012; Schein et al. 2013). Unlike AtNCS1 and CrNCS1, the
pyrimidine cytosine is transported by SvNCS1 and ZmNCS1
showing affinities of 13.1 μM for SvNCS1 and 2.5 μM for
ZmNCS1 (Figs. 4e and 5e; Table 2). Among plant NCS1,
there is variation in the transport of other nucleobases and their
derivatives as well. Whereas SvNCS1, AtNCS1, and CrNCS1
render yeast more sensitive to growth on 8-AZA (inferring
uptake), for ZmNCS1 this is not apparent (Fig. 3; Mourad
Fig. 5 Uptake of radiolabeled
nucleobases by S. cerevisiae
expressing ZmNCS1. Uptake
assays were performed using
yeast without and with ZmNCS1
at 0 and 5 min time points for
[2,8-3H]-adenine (a), [8-3H]-
guanine (b), [8-3H]-hypoxanthine
(c), [8-3H]-xanthine (d), [5-3H]-
cytosine (e), and [5,6-3H]-uracil
(f). Yeast strain RG191 (fcy2Δ)
and NC122-sp6 (fur4Δ) and
empty vector Yeplac181 are
shown
Table 2 Km values for SvNCS1 and ZmNCS1
Km adenine (μM) Km cytosine (μM)
SvNCS1 1.5±0.25 13.1±1.5
ZmNCS1 7.4±0.9 2.5±0.64
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et al. 2012; Schein et al. 2013). Conversely, growth assays
infer uptake of 8-AZG for AtNCS1, CrNCS1, and
ZmNCS1, but not for SvNCS1 (Fig. 3; Mourad et al. 2012;
Schein et al. 2013). None of the plant NCS1 transporters move
5-FC into yeast (data not shown; Mourad et al. 2012; Schein
et al. 2013). The transport of allantoin and hypoxanthine
varies among plant NCS1, with SvNCS1 transporting both
compounds but only allantoin transport was observed in
CrNCS1 (Figs. 3 and 4c; Schein et al. 2013). None of the plant
NCS1 transports xanthine (Figs. 4d and 5d). However, xan-
thine and its breakdown product uric acid act as efficient com-
petitive inhibitors of [3H]-adenine uptake by ZmNCS1 or
CrNCS1 (Fig. 8a; Schein et al. 2013) and of [3H]-hypoxan-
thine uptake by SvNCS1 (Fig. 7a). The functions of AtNCS1,
CrNCS1, ZmNCS1, and SvNCS1 are all inhibited in the pres-
ence of the proton ionophore CCCP—consistent with the
view that these are proton, rather than sodium, symporters
(Fig. 8a, b; Mourad et al. 2012; Witz et al. 2012; Schein
et al. 2013). A new vision of plant NCS1 function appears—
that of a core high-affinity adenine and guanine transporter,
but with a wide species-specific variation for the transport or
Fig. 6 Heterologous competition assays in S. cerevisiae strain fcy2Δ
containing SvNCS1. Heterologous competition assay in yeast containing
SvNCS1 (pCC207) with 1.0 μM of [8-3H]-adenine (a) or [2,8-3H]-
hypoxanthine (b) or 0.5 μM of [5-3H]-cytosine (c) with excess
unlabeled nucleobases and derivatives
Fig. 7 Heterologous competition assays in S. cerevisiae strain fcy2Δ
containing ZmNCS1. Heterologous competition assays in yeast
containing ZmNCS1 (pNS487) with 1.0 μM [2,8-3H]-adenine (a) or
0.5 μM of [5-3H]-cytosine (b) with excess unlabeled nucleobases and
derivatives
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binding of uracil, allantoin, cytosine, or hypoxanthine and
nucleobase derivatives.
ZmNCS1 and SvNCS1 locate to chloroplasts
ZmNCS1 and SvNCS1 localize to chloroplasts as observed
with the transient expression assays using ZmNCS1-GFP and
SvNCS1-GFP fusions (Fig. 2). This is consistent with chloro-
plast location of AtNCS1 (Witz et al. 2012). Independent data
also supports a chloroplast localization for ZmNCS1.
Proteomic analysis of enriched maize chloroplast membranes
identify the amino acid sequence—AIFLLLPSR—that is
unique to ZmNCS1 (Fig. 1 and ESM_1) (Friso et al. 2010;
Mourad et al. 2012). Pyrimidine and purine biochemistry oc-
cupy many subcellular locations. Parts of pyrimidine de novo
synthesis, salvage, and catabolism occur within chloroplasts,
necessitating the transport of nucleobases across biological
membranes (Zrenner et al. 2009; Witz et al. 2012). De novo
purine synthesis is in part localized to the chloroplast, while
the exact subcellular locals for purine salvage is unclear, xan-
thine catabolism occurs in the cytosol and peroxisome
(Zrenner et al. 2006; Werner and Witte 2011).
ZmNCS1 and SvNCS1 are highly similar in sequence, yet
have distinct properties
Despite the extremely high level of amino acid sequence sim-
ilarity, ZmNCS1 and SvNCS1 have similar, yet distinct, solute
specificity profiles. ZmNCS1 and SvNCS1 behave similarly
with regards to adenine, guanine, cytosine, uracil, uric acid,
and 5-FC, but differently with hypoxanthine, allantoin, xan-
thine, 8AA, and 8AG (Figs. 4, 5, 6, and 7). Curiously, both
cytosine and 5-FC are poor competitors with adenine for
SvNCS1, but not for ZmNCS1 (Figs. 6b and 7a). This may
reflect the 15-fold reduced level of cytosine, relative to ade-
nine, transport observed with SvNCS1 (cytosine/adenine=
0.01) compared to that of ZmNCS1 (cytosine/adenine=0.15)
(Figs. 4a, e and 5a, e). In addition, SvNCS1 displays a 5.2-fold
higher Km for cytosine compared to ZmNCS1 (13.1 vs.
2.5 μM) (Table 2). If NCS1 proteins utilize one binding site
for all solutes (as is commonly assumed), then the different
solute interactions reflect localized differences in active site
structure based upon amino acid sequence between NCS1
proteins. An alternate explanation is that for SvNCS1, cyto-
sine is transported by a different route than adenine and there-
fore purines and pyrimidines do not compete for the same site
on the transporter. The latter possibility seems not to be the
case as shown by the reciprocal heterologous competition as-
say results. Here, [3H]-cytosine is effectively competed by
cold adenine for both SvNCS1 and ZmNCS1 (Figs. 6c and
7b). The data reveal that it is not yet possible to determine the
solute specificity profile for plant NCS1 based solely upon
amino acid sequence data.
Evolution–function analysis offers a complementary view
into the workings of NCS1 proteins
Molecular modeling and site-directed mutagenesis are impor-
tant tools in investigating amino acid residues involved in
solute transport or solute binding for NCS1 proteins
(Krypotou et al. 2012; Witz et al. 2014). However, this ap-
proach alone is insufficient to understand the subtle differ-
ences of function among NCS1 proteins. Uptake assays per-
formed on site-directed alteration in the substrate binding site
of AtNCS1—glutamic acid to glutamine (E340Q) residue
(ESM_1)—revealed E is essential for uracil transport (Witz
et al. 2014). Neither ZmNCS1 nor SvNCS1 transport uracil,
yet both contain the conserved E residue (as do other repre-
sentative grass NCS1) (ESM_1). This data indicates that other
amino acid residues participate in uracil transport among grass
NCS1 (ESM_1). Indeed, studies of A. nidulans FCYB reveal
that when the analogous residue asparagine (N) is altered to Q
Fig. 8 Effect of CCCP on the
function of SvNCS1 and
ZmNCS1. Uptake of 0.5 μM
[2,8-3H]-adenine in fcy2Δ yeast
containing SvNCS1 (pCC207) (a)
or ZmNCS1 (pNS487) (b) in the
absence or presence of CCCP
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(as found in the ScFUR4 uracil transporter), uracil transport
ability is not gained (Krypotou et al. 2012). It is likely that
multiple amino acids are involved in substrate interaction and
that these vary between different NCS1.
Interestingly, none of the amino acid differences between
ZmNCS1 and SvNCS1 correspond to any of the functionally
important amino acids as defined by conservation or mutagen-
esis (Fig. 1 and ESM_1). It is unlikely that the amino acid
differences between the two grasses’ NCS1 control overall
function, but rather direct subtle interactions that influence
solute binding and transport. Twenty-nine amino acid differ-
ences are found between ZmNCS1 and SvNCS1, downstream
from the predicted chloroplast transit cleavage site in
ZmNCS1 (Fig. 1 and ESM_1). Which, of the twenty-nine
residues, may be important for solute discrimination? A rea-
sonable and conservative assumption is that such sites would
show consistent amino acid similarity with small alterations in
amino acid properties across NCS1 proteins. Three amino acid
positions meet such criteria and are indicated at positions 332,
595, and 681 (ESM_1). Two of these positions, residues 332
and 595, fall within structures important for the predicted
mechanism of NCS1 action. These residues are found in
TMIII and TMIX, respectively, which are part of the binding
cavity into which solutes occupy. It is also is part of the Bhash^
motif undergoing a conformational rocking as the protein
shifts from occluded to inward facing open position
(Weyand et al. 2008, 2011; Shimamura et al. 2010).
The limited number of interesting amino acid sites,
coupled with the distinct solute interaction profiles of
ZmNCS1 and SvNCS1, opens the door for future exper-
imentation marrying predictive three-dimensional model-
ing with site-directed amino acid mutagenesis as a
means of investigating NCS1 solute binding.
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